Summary. The process of selective nuclear protein transport is divided into at least two steps: 1) ATPindependent, nuclear localization signal (NLS)-dependent binding to the cytoplasmic face of nuclear pores and 2) ATP-dependent translocation through the nuclear pores. Using a digitonin-permeabilized cell-free transport assay, it was found that a karyophile forms a stable complex with a cytoplasmic fraction to target the nuclear pores. Since this complex shows nuclear porebinding activity, we have referred to it as the nuclear pore-targeting complex (PTAC). The complex contains two essential proteins. The 58kDa component of PTAC (PTAC 58; importin a; karyopherin a) was found to bind directly to NLS. The 97kDa component of PTAC (PTAC 97; importin 9; karyopherin 9) associates with PTAC 58, but not karyophile. A complex of PTAC 58 and PTAC 97 targets nuclear pores, depending on the presence of a karyophile. The data suggest that the initial step in nuclear protein transport occurs as a result of complex formation of a karyophile with PTAC 58 which is, in turn, bound to PTAC 97. Eukaryotic cells differ from prokaryotic cells in many aspects, one of which is that the genomic DNA is sequestered and its replication and transcription to RNA occurs in the nucleus. The nucleus has a double membrane, the nuclear envelope, which divides the cell into two major parts, the nucleoplasm and the cytoplasm.
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Nuclear proteins (karyophiles), which function in the nucleus, are synthesized on free ribosomes in the cytoplasm and transported efficiently and precisely into the nucleus through the nuclear envelope. In addition, extracellular signals are transduced from the plasma membrane to the nucleus probably in a similar fashion. Thus, the nucleocytoplasmic transport machinery is very important for the cell in order to maintain its homeostasis.
Macromolecules enter the nucleus through the nuclear pore complex (NPC), a large proteinaceous structure present in the nuclear envelope (FELDHERR et al., 1984) . The pore complex contains an aqueous channel approximately 100nm diameter which allows non-selective passive diffusion of molecules smaller than 20-40kDa. However, many karyophilic proteins larger than 40-60kDa can be transported through the pores via a selective, mediated process (DINGWALL and LASKEY, 1986; NEWPORT and FORBES, 1987; GERACE and BURKE, 1988) . The nuclear pores consist of octagonal spoke-ring complexes. Recent electromicroscopic studies show that a short fiberlike structure extends into the cytoplasm from the cytoplasmic ring of the pore, while an unusual basketlike structure extends from the nucleoplasmic ring. The basket-like structure appears to be connected to the nuclear skeleton (lattice) (GOLDBERG and ALLEN, 1992; FORBES, 1992; ROUT and WENTE, 1994; AKEY, 1995) . Recently, DOYE and HURT (1995) have successfully performed genetic synthetic lethal screen and a number of NPC components (nucleoporins) have been identified in the yeast Saccharomyces cerevisiae. Several of the nucleoporins in S. cerevisiae have a common structure consisting of multiple FXFG or GLFG peptide repeats. Their precise function, however, remains to be elucidated.
Numerous experiments indicate the existence of an active, mediated mechanism of the nuclear protein transport. When non-histone chromosomal proteins prepared from rat liver nuclei were introduced into the cytoplasm of mammalian cells by the erythrocyteghost fusion method (YONEDA, 1993) , they migrated rapidly into the nucleus (YAMAIZUMI et al., 1978) . When nucleoplasmin, a nuclear protein of Xenopus laevis with a molecular weight of about 165kDa, was injected into the cytoplasm of X. laevis oocytes, it migrated into the nucleus in a manner dependent on its C-terminal tail portion (DINGWALL et al., 1982 ). An electron microscopic study showed that nucleo- plasmin-coated colloidal gold particles accumulated in the nuclear pores and entered the nucleus, confirming that nuclear proteins are transported into the nucleus through the nuclear pores (FELDHERR et al., 1984; DWORETZKY et al., 1988) . Moreover, when nucleoplasmin chemically conjugated with immunoglobulin G (IgG) was introduced into the cytoplasm of cultured mammalian cells, it migrated into the nucleus in a manner similar to nucleoplasmin itself (SUGAWA et al., 1985) . It was also found that when the monoclonal antibody against non-histone chromosomal protein high mobility group 1 (HMG-1) was cointroduced with HMG-1 into the cytoplasm of cultured cells, it co-migrated into the nucleus with HMG-1 (TSUNEOKA et al., 1986) . These results suggest that karyophilic proteins have a specific "signal" required for their migration into the nucleus.
Identification of nuclear localization signals
One of the best-characterized karyophilic proteins is simian virus 40 (SV40) large T-antigen. LANFORD and BUTEL (1984) , using an SV40 mutant defective in nuclear transport of the large T-antigen, showed that its migration into the nucleus is dependent on a short amino acid sequence around 128Lys. KALDERON et al. (1984) indicated that fusion proteins of non-karyophilic proteins, such as 3-galactosidase, an E. coli protein, or pyruvate kinase, a cytoplasmic protein, with the sequence around 128Lys could also enter the nucleus. From these experiments, they proposed that the sequence Pro-Lys-128Lys-Lys-Arg-Lys-Val can act as a signal for nuclear localization and named it the nuclear localization signal (NLS). Similarly, a number of NLSs have been identified by deletion and point mutagenesis studies of nuclear protein genes (SILVER, 1991; GARCIA-BUSTOS et al., 1991) . NLSs appear to have no obvious consensus sequences, but all have the characteristic feature of containing some basic amino acids. Unlike the signal sequences for sorting of proteins into endoplasmic reticulum or mitochondria, the NLS is not removed and remains a part of mature molecule (AGUTTER and PROCHNOW, 1994) . At the present time, NLSs are divided into two groups; 1) single basic types (for example, 5V40 large Tantigen) and 2) bipartite basic types (for example, nucleoplasmin) (DINGWALL and LASKEY, 1991) .
Moreover, synthetic peptides containing the NLS have been shown to be effective as transport signals when chemically conjugated with a nonnuclear protein, such as bovine serum albumin (BSA) or IgG ( Fig.  1 ) (GOLDFARB et al., 1986; LANFORD et al., 1986; YONEDA et al., 1987a) . Experiments using various carrier proteins suggested that there may be a size limit for nuclear transport of conjugated proteins, because ferritin (Mr 465kDa) was transported efficiently, but immunoglobulin M (IgM) (Mr 970kDa) did not enter the nucleus, when conjugated to the peptides (LANFORD et al., 1986) . However, macromolecules as large as the 605 ribosomal subunit (Mr 2800 kDa), proteasome (multicatalytic proteinase complex; Mr 750kDa) and RNA polymerase (Mr more than 500kDa) move bidirectionally across the nuclear envelope. Moreover, 5V40 particles (Mr 28MDa) enter the nucleus as particles within 2h after infection (HUMMELER et al., 1970) .
Recently, we showed that a long synthetic peptide containing the NLS and its flanking sequences of 5V40 large T-antigen directed nuclear transport of larger molecules such as IgM, which were initially found not to be transported into the nucleus by the synthetic signal peptides (YONEDA et al., 1992) . Our results suggest that the sequences flanking the NLS may play an additional and important role in the efficient nuclear transport of karyophiles.
Cytoplasmic factors for selective nuclear protein transport
Saturation kinetics provided an early indication that nuclear protein transport is a receptor-mediated process (GOLDFARB et al., 1986) . BREEUWER and GOLDFARB (1990) physiologically demonstrated the presence of a saturable NLS-binding protein (s) in the cytoplasm of cultured cells. It has been shown that the selective nuclear transport process can be divided into at least two steps; 1) the NLS-dependent and ATP-independent binding of nuclear proteins to the nuclear pores and 2) their ATP-dependent translocation through the nuclear pores (NEWMEYER and FORBES, 1988; RICHARDSON et al., 1988; AKEY and GOLDFARB, 1989) . Many attempts have been made to identify NLS receptors and other cytosolic factors required for nuclear protein import.
Recently, ADAM et al. (1990) developed a digitoninpermeabilized cell-free transport assay system (Fig.  2) . The cell-free system is very convenient and facilitates the identification of soluble factors involved in nuclear transport. The 70kDa heat shock cognate protein (hsc70) is one such factor, the requirement for which has been demonstrated in both living cells (IMAMOTO et al., 1992) and in the semi-intact cell system (SHI and THOMAS, 1992; OKUNO et al., 1993; YANG and DEFRANCO, 1994) . ADAM and GERACE (1991) identified the N-ethylmaleimide (NEM)-sensitive 54/ 56kDa NLS-receptor molecule by using the digitoninpermeabilized cell-free transport system. This receptor protein was found to mediate the initial binding Nuclear Pore- Targeting  Complex  99 step of the transport in the presence of another NEM-sensitive protein which has a molecular mass of 97kDa (ADAM and ADAM, 1994) .
A small GTP-binding protein, Ran, and 10kDa Ran-interacting protein (p10/NTF2) were identified as factors required for the translocation step of the transport (MOORE and BLOBEL, 1993; MELCHIOR et al., 1993; MOORE and BLOBEL, 1994; PASCHAL and GERACE, 1995) . Regulation of nuclear transport efficiency by the RCC1-Ran system was demonstrated physiologically in the heterokaryons of RCCI mutant tsBN2 cells (TACHIBANA et al., 1994) . Furthermore, the existence of a protein kinase that is specifically activated by NLS peptides was indicated, suggesting the regulation of nuclear transport efficiency by the kinase (KURIHARA et al., 1996) .
Nuclear pore-targeting complex
In our previous studies, we confirmed that hsc70 is a necessary but not sufficient cytoplasmic factor to support active nuclear protein transport (OKUNO et al., 1993) . Therefore, we attempted to identify other cytoplasmic factors required for nuclear import, initially by fractionating crudely cytosolic extracts prepared from mouse Ehrlich ascites tumor cells with ion-exchange chromatography.
As shown in Figure 3 , the in vitro transport assay for each fraction showed that two distinct fractions, termed fraction I and fraction II, complemented the transport activity. Neither fraction alone supported the nuclear import. Furthermore, our results indicated that the fraction II contains factors required for nuclear binding step of the transport (Fig. 4) .
In order to understand the biochemical state of the karyophilic protein in the fraction II, radio-labeled T-antigen NLS-BSA conjugate (T-BSA) was incubated with fraction II and the mixture was layered over linear sucrose gradient. T-BSA was found to form a complex in the fraction II, and the complex forma- tion was competitively inhibited by the addition of wild type NLS peptides, while transport incompetent mutant type NLS peptides were much less inhibitory.
To elucidate the biological significance of this complex, we isolated the complex by gel filtration and examined its nuclear binding activity in the cell-free transport assay. As shown in Figure 5 , a protein complex of about 500kDa containing a transport substrate (Mr about 100kDa) showed nuclear rim binding activity in the absence of other cytoplasmic fractions. We therefore refer to this biologically active complex as nuclear pore-targeting complex (PTAC) (IMAMOTO et al., 1995a) . Physiological evidence has indicated that karyophilic proteins are complexed in the cytoplasm upon active nuclear transport (BREEUWER and GOLDFARB, 1990) . However, no such complex has yet been identified on a molecular basis. Therefore, our results represent the first evidence that a karyophile actually forms a stable complex with cytoplasmic factors for nuclear pore targeting in the active nuclear transport process. Based on these findings, we propose that the first step of transport should reasonably be further divided into two steps: 1) formation of the pore-targeting complex in the cytoplasm; and 2) subsequent binding of the complex to the nuclear pores.
In order to purify and identify components of the PTAC, T-antigen NLS-biotinylated BSA (T-bBSA) trapped in immobilized avidin was incubated with fraction II. Four proteins having molecular masses 54, 56, 66, and 90kDa (electrophoretic estimation) were found in the complex. Furthermore, it was found that both the 54 and 90kDa proteins are essential for reconstituting targeting activity, although the roles of 56 and 66kDa proteins in nuclear transport remain unclear (IMAMOTO et al., 1995a) .
To obtain information about the primary structure of the 54 and 90kDa components, we cloned the mouse cDNA encoding these proteins. The open reading frames encode polypeptides of 529 and 876 amino acids with a calculated molecular masses of 57.9 and 97.2kDa, respectively. We therefore termed them PTAC 58 (IMAMOTO et al., 1995c) and PTAC 97 (IMAMOTO et al., 1995b) , respectively.
Using recombinant PTAC 58 and PTAC 97 proteins and the transport substrate, T-bBSA, we examined Fig. 2 . A digitonin-permeabilized cell-free transport assay system. Cells are permeabilized with digitonin and incubated for 30min at 37C using a test solution containing cytosolic extract and transport substrate (for example, RITC-T-BSA) in the presence of ATP and its regenerating system. Localization of the transport substrate is examined by fluorescence microscopy. Fractional of cytosol the effect of the recombinant proteins on the nuclearbinding step of the transport in digitonin-permeabilized cell-free transport system. Neither PTAC 58 nor PTAC 97 alone mediated efficient nuclear rim-binding of the substrate. However, in the presence of both proteins, the substrate accumulated efficiently at the nuclear rim (Fig. 6) . The rim-binding of T-bBSA was competitively inhibited in the presence of excess non-biotinylated T-BSA. These results confirm that PTAC 58 and PTAC 97 reconstitute the NLS-dependent, ATP-independent initial binding step of the transport (IMAMOTO et al., 1995b) .
In vitro transport system

PTAC 58
PTAC 58 showed a 93% amino acid identity with human Rchl, 61% with Xenopus importin a (GORLICH et al., 1994) , 52% with Drosophila pendulin (overgrown hematopoietic organs-31; oho 31) (TOROK et al., 1995; KUSSEL and FRASCH, 1995) , and 46% with yeast Srplp (YANO et al., 1992) . These proteins contain central tandem repeats known as the arm motif, which was first identified in the Drosophila segment polarity gene armadillo (RIGGLEMAN et al., 1989) . Therefore, PTAC 58 was determined to be the mouse homologue of Xenopus importin a, which was identified as an essential factor involved in the nuclear binding-step of the transport. Srpl was originally isolated as a suppresser of a mutation in a subunit of RNA polymerase I and has been known to be a nuclear poreassociated protein (YANG et al., 1992) . Recently, it was found that Srpl exists in yeast cytosol in a complex with an essential homologue of karyopherin 3 (PTAC 97) (ENENKEL et al., 1995) . Drosophila pendulin was identified as the tumor suppresser gene and its subcellular localization in proliferating tissues was of interest (TOROK et al., 1995; KUSSEL and FRASCH, 1995) . That is, during the interphase, the protein is present in the cytoplasm but accumulates in the nucleus at the onset of mitosis. These findings suggest that pendulin is required for normal growth regulation.
We affinity-purified antibodies against PTAC 58. The purified antibodies efficiently blocked in vitro nuclear accumulation of T-BSA, as well as its nuclear rim-binding. In our previous studies, we showed that cytoplasmic injection of wheat-germ agglutinin (YONEDA et al., 1987b) , anti-DDDED antibodies (YONEDA et al., 1988) , and anti-hsc 70 antibodies (IMAMOTO et al., 1992) can effectively block nuclear accumulation of co-injected karyophiles in living cells. In order to investigate the function of PTAC 58 in living cells, we took the same approach. Cytoplasmic injection of anti-PTAC 58 antibodies inhibited the nuclear accumulation of co-injected T-BSA in living cells. This is the first in vivo evidence for PTAC 58 being required for nuclear protein transport (IMAMOTO et al., 1995c) . Furthermore, we found that under our experimental conditions, despite increasing the antibody concentration up to 32mg/ml, a portion of T-BSA escaped inhibition and migrated into the nucleus. The results suggest the possibility of the existence of another transport pathway not involving PTAC 58 or of substitute factors in living cells.
An immunostaining study showed that PTAC 58 was localized in the cytoplasm, nucleus and on nuclear rim of cultured mammalian cells. The proportion of cytoplasmic/nuclear PTAC 58 differed from cell to cell. Moreover, a portion of cytoplasmically injected anti-PTAC 58 antibodies migrated into the nucleus rapidly and in a temperature dependent manner. These results indicate that PTAC 58 moves actively across the nuclear envelope.
Cytoplasmic injection of anti-PTAC 58 antibodies caused distinct aggregation of T-BSA in the cytoplasm. Both T-BSA and co-injected anti-PTAC58 antibodies were co-localized in these aggregates and the incorporation of T-BSA into the aggregates was specific to NLS. Moreover, PTAC 58 shows specific in vitro NLS-binding activity. From these results, we concluded that the injected antibodies precipitated endogenous PTAC 58 in the cytoplasm, with which T-BSA was specifically associated.
The in vivo results indicate that PTAC 58 acts in nuclear import in living cells through association with the NLS of a karyophile in the cytoplasm prior to the nuclear pore-targeting (IMAMOTO et al., 1995c) .
PTAC 97
PTAC 97 was found to be the mouse homologue of karyopherin 3 ), importin 3 (GORLICH et al., 1995a and bovine p97 (CHI et al., 1995) . The karyophile associates directly with PTAC 58, but not with PTAC 97. PTAC 97 Associates directly with PTAC 58 in a 1:1 molar ratio, even in the absence of the karyophile. These data indicate that the targeting complex is formed through interactions of NLS with PTAC 58 which, in turn, is bound to equimolar PTAC 97 (IMAMOTO et al., 1995b) . Immunostaining data using affinity-purified anti-PTAC 97 antibodies showed that PTAC 97 is located throughout the cytoplasm and the nucleus, as well as on the nuclear rim of cultured mammalian cells. Based on our observations, PTAC 58 and PTAC 97 exist as a complex or form one after association with a karyophile in the cytoplasm.
Although PTAC 58 and PTAC 97 forms a complex, even in the absence of a karyophile, the PTAC 58/ PTAC 97 complex does not accumulate at the nuclear rim in the absence of the karyophile, but does so efficiently in the presence of the karyophile (IMAMOTO et al., 1995b) . The data suggest that complex formation of the karyophile with PTAC 58 bound to PTAC 97 is required for nuclear pore-binding activity of PTAC.
A complex of a karyophile and PTAC 58 did not accumulate efficiently at the nuclear rim in the absence of PTAC 97, indicating that PTAC 97 is involved in the pore-targeting process of PTAC. Recently, it was proposed that a karyopherin heterodimer-NLS protein complex binds FXFG repeats of nucleoporins, which, in turn, stimulates the dissociation of the complex (REXACH and BLOBEL, 1995) . It has been shown that importin a (karyopherin a, PTAC 58) and a karyophile accumulate in the nucleus during import reactions, whereas importin 3 (karyopherin 3, PTAC 97) does not (MOROIANU et al., 1995; GORLICH et al., 1995b) . At the present time, it is not clear whether PTAC 97 contains an NPC binding domain. The precise mechanism for how PTAC binds to and dissociates from NPC remains to be elucidated.
CONCLUSION
A karyophile forms a stable complex, termed the nuclear pore-targeting complex (PTAC), prior to nuclear pore-binding in the cytoplasm. A complex of PTAC 58/PTAC 97 does not possess targeting activity. Association of PTAC 97 with PTAC 58 bound to a karyophile leads to the binding of PTAC to the nuclear pores. This suggests that the initial binding step of the transport is divided into two additional steps: 1) formation of the PTAC in the cytoplasm, and 2) the subsequent binding of the PTAC to the nuclear pores. Ran and p10/NTF 2 (a Ran interacting protein) are required for the translocation step of nuclear protein transport. Although the function of p10/NTF2 in nuclear import is not known, it is suggested that a GDP-bound form of cytoplasmic Ran may suppress nuclear import. Hsc 70 has been functionally demonstrated to be involved in nuclear protein transport. Although its functional role on nuclear import continues to remain unknown, it may act in concert with PTAC components in the mediated nuclear import process on PTAC formation, its pore-targeting, its translocation through the nuclear envelope, and/or the dissociation of PTAC. Further studies are required in order to elucidate the relationship of these factors and identify other factors required for nuclear protein transport in order to develop an understanding of the whole image of the transport.
